Abstract Annotated maps of the IGH, IGK, and IGL loci in the gray, short-tailed opossum Monodelphis domestica were generated from analyses of the available whole genome sequence for this species. Analyses of their content and organization confirmed a number of previous conclusions based on characterization of complementary DNAs encoding opossum immunoglobulin heavy and light chains and limited genomic analysis, including (a) the predominance of a single immunoglobulin heavy chain variable region (IGHV) subgroup and clan, (b) the presence of a single immunoglobulin (Ig)G subclass, (c) the apparent absence of an IgD, and (d) the general organization and V gene complexity of the IGK and IGL light chain loci. In addition, several unexpected discoveries were made including the presence of a partial V to D, germline-joined IGHV segment, the first germline-joined Ig V gene to be found in a mammal. In addition was the presence of a larger number of IGKV subgroups than had been previously identified. With this report, annotated maps of the major histocompatibility complex, T-cell receptor, and immunoglobulin loci have been completed for M. domestica, the only noneutherian mammalian species for which this has been accomplished, strengthening the utility of this species as a model organism.
Introduction
The gray, short-tailed opossum Monodelphis domestica is among the better-developed metatherian (marsupial) model species for biomedical research. With the recent completion of its whole genome sequence, it is arguably the premier model marsupial (Samollow 2006) . As with all marsupials, the newborn opossum is highly altricial making it ideal for the study of early development in the immune system and the evolution of maternal transfer of immunity (Deane and Cooper 1988) . In addition, M. domestica has its uses as a model organism for a variety of human diseases including skin cancer, hypercholesterolemia, and neurological development and regeneration to name a few (VandeBerg and Robinson 1997; Ley et al. 2000; Fry and Saunders 2000) . The utility of M. domestica as a model organism for cancer, infectious diseases, and early development can only be further enhanced by continued characterization of the genes encoding the components of the immune system. Many of the components of both the innate and adaptive immune system have been identified in the opossum genome (Wong et al. 2006 ). In addition, detailed genomic analyses of the major histocompatibility complex and T-cell receptor (TCR) loci have already been published, including a newly discovered TCR locus, TCRµ, which is not found in eutherian ("placental") mammals Parra et al. 2007 Parra et al. , 2008 . Here, we complete the analysis of the known genes encoding antigen receptors of the adaptive immune system in M. domestica by presenting a detailed, annotated description of the immunoglobulin (Ig) heavy and light chain loci.
Previously, we had physically mapped the loci encoding the opossum Ig chains, the heavy chain (IGH), kappa (IGK), and lambda (IGL) light chains to chromosomes 1 (IGH and IGK) and 3 (IGL; Deakin et al. 2006) . The content and diversity of expressed opossum Ig heavy and light chains have also been inferred from the analysis of transcribed Ig messenger RNA (mRNA or complementary DNA (cDNA); Aveskogh and Hellman 1998; Aveskogh et al. 1999; Lucero et al. 1998; Miller et al. 1998 Miller et al. , 1999 . A number of observations emerged from these studies, including an apparent greater diversity of variable (V) gene segment subgroups in the light chains than in heavy, a pattern that appears to be common to other marsupial species as well (Baker et al. 2005) . Furthermore, the majority of expressed immunoglobulin heavy chain variable region (IGHV) gene segments appeared to belong to a single V subgroup (Baker et al. 2005; Miller et al. 1998; Aveskogh et al. 1999) . A second IGHV subgroup, IGHV2, was also known but appeared to contain only a single gene segment. Both subgroups belong to clan III of mammalian IGHV, as do all marsupial IGHV isolated so far (Aveskogh et al. 1999; Miller et al. 1998; Baker et al. 2005) .
The IGH constant (C) regions identified by analyses of opossum cDNAs included what appeared to be a single IgM, IgG, IgE, and IgA (Aveskogh and Hellman 1998; Aveskogh et al. 1999; Belov et al. 1999; Miller et al. 1998) . This is in contrast to most eutherian ("placental") and prototherian (monotreme) mammals studied which have multiple IgG, IgA, and/or IgE subclasses encoded by separate sets of exons (Belov and Hellman 2003) . The presence of only a single IgG isotype based on cDNA sequence contradicted previous serum Ig analyses that supported the presence of at least two IgG subclasses in M. domestica as well as other marsupial species (Bell 1977; Bell et al. 1974; Shearer et al. 1995) and remained an unresolved question. Furthermore, no cDNAs encoding a heavy chain with homology to IgD had been reported for any marsupial species (Miller and Belov 2000 and unpublished observations) .
The recent completion of the M. domestica whole genome sequence has facilitated finer scale analyses of the organization and content of the Ig loci (Mikkelsen et al. 2007 ). In addition to providing detailed genomic maps of the three Ig loci, the results of these analyses presented here both confirm previous predictions made based on the cDNA analyses and a limited amount of genomic DNA sequence available, and also reveal some surprises not uncovered in the transcriptome.
Materials and methods

Whole genome sequence analysis
The analyses presented here were made using MonDom5, the current complete M. domestica genome assembly, available at GenBank under the accession number AAFR03000000 (Mikkelsen et al. 2007 ).
IGH, IGK, and IGL cDNA sequences from M. domestica and Trichosurus vulpecula were used in a homology search against the M. domestica genome project with the aid of the BLAST algorithm (Baker et al. 2005; Belov et al. 1999; Aveskogh et al. 1999; Miller et al. 1998 Miller et al. , 1999 Lucero et al. 1998) . Scaffolds identified from the M. domestica genome project as containing Ig sequences were compared with these cDNA to identify genomic V, D, J, and C gene segments. The beginning and end of each coding exon were identified by the presence of mRNA splice sites or flanking recombination signal sequence (RSS) sites.
To scan MonDom5 specifically for sequences corresponding to exons encoding the constant domains of IgD, sequences from both the extracellular and transmembrane domains from human (GenBank accession number AAH21276), mouse (AAB59654), horse (AAU09793), frog (DQ387453), and catfish (AAC60133) IgD were used to perform both nucleotide (BLASTN) and translated (TBLASTN) alignments of both the entire opossum genome and an isolated region only containing the opossum IGH locus (Altschul et al. 1990 ). Using the same method, exons homologous to IgD exons were identified in the recently completed platypus genome assembly Ornithorhynchus_a-natinus-5.0 available at Ensembl (www.ensembl.org). This is a species for which no cDNA sequence for IgD was previously available, much like the opossum.
Sequences that correspond to switch (S) regions were identified upstream of both the functional and pseudogene copies of the IgM C regions. They were identifiable as containing repeat sequence composed of pentameric repeat sequences of GAGCT and GGGCT conserved in other mammalian species (Nikaido et al. 1982; Mills et al. 1990 ).
RNA extraction
Opossum tissues were collected and stored in RNAlater (Ambion, Austin, TX, USA) at 4°C for 24 h and stored long term at −80°C. RNA extraction was performed using the TRIzol RNA extraction protocol (Invitrogen, Carlsbad, CA, USA). All procedures involving the use of live animals were approved under institutional protocol 07UNM005.
Reverse transcription, polymerase chain reaction, and sequencing Reverse transcription-polymerase chain reaction (RT-PCR) was performed using the GeneAmp RNA PCR Core Kit (Applied Biosystems, Foster City, CA, USA). PCR amplification was performed using Advantage TM-HF 2 PCR (BD Biosciences, Clontech Laboratories, Palo Alto, CA, USA) with the conditions for all primer combinations: a long denaturation at 94°C for 1 min for 1 cycle, followed by 34 cycles of denaturation at 94°C for 30 s, annealing at 62°C for 4 min, and a final single extension period of 68°C for 5 min.
All oligonucleotide sequences used for PCR primers are presented in Table 1 . 3′ cDNA ends were generated by the rapid amplification of cDNA ends (RACE) approach using the Gene Racer Kit (Invitrogen) following manufacturer's recommended protocol. Primers complementary to the 3′ most heavy chain constant domain (CH) exon based on cDNA sequence of each of the IgH isotypes were used to amplify transcripts containing the complete TM form of each heavy chain, including the 3′ untranslated region (UTR). Additional primers based on the TM1 exon were used in nested PCR to confirm the 3′ ends for each isotype. These sequences have been deposited in GenBank, accession numbers FJ972689 through FJ972692.
To confirm that the IGHV3.1 gene segment, which contains a germline-joined D and RSS, was not an assembly artifact, an oligonucleotide based on sequence 5′ of the leader (L) exon of this gene segment in the assembly was paired with another based on sequence 3′ of the RSS in the MonDom5 assembly and used to amplify the entire gene segment by PCR (Table 1) . These primers amplified a 855-bp fragment from M. domestica genomic DNA, which was cloned and sequenced. The sequence has been deposited in GenBank under accession number EU592040.
In the MonDom5 assembly, the exon encoding the CH1 domain of the pseudogene copy of the IgM C regions contained a gap at the start of the exon. This gap was filled by using PCR to amplify this region from M. domestica genomic DNA using primers based on sequences that flank the gap. The sequence has been deposited in GenBank, accession number FJ972688. PCR products were cloned using TOPO TA cloning Kit (Invitrogen) and sequenced using BigDye Terminator Cycle Sequencing Kit (Applied Biosystems). All sequences reported are based on sequencing both strands of each clone. Sequences were analyzed using Sequencher 3.0 (Gene Codes, Ann Arbor, MI, USA) and compared with the GenBank database and the MonDom5 assembly using the BLAST algorithm (Altschul et al. 1990 ).
Phylogenetic analysis
All phylogenetic tree reconstruction was based on analyses done using nucleotide alignments. Gaps in the nucleotide sequences were determined by first aligning the amino acid translations to establish gap position and then converting the sequence back to nucleotide using the BioEdit program (Hall 1994) . In this way, nucleotide gaps were established based on codon position. Based on the nucleotide alignments, phylogenetic trees were constructed by the neighbor joining (NJ) method of Saitou and Nei (1987) using the MEGA software package (Kumar et al. 2004) .
IGHV sequences from other species used in phylogenetic analyses presented were: Virginia opossum, Didelphis virginiana (Divi) IGHV is unpublished and was provided by Dr. R. Riblet. Possum, T. vulpecula (Trvu), IGHV were AAL87470 and AAL87474; bandicoot, Isoodon macrourus (Isma) AY586158; mouse, Mus musculus (Mumu), IGHV clan representatives were as follows: 3360, K01569; 3609N, X55935; DNA4, M20829; J558, Z37145; J606, X03398; Q52, M27021; S107, J00538; SM7, M31285; VH11, Y00743. Human, Homo sapiens (Hosa), IGHV sequences were obtained from the VBASE database. Pig, 
Dot matrix analysis of duplications
Comparisons of the IGH genomic sequence were done using Jdotter (http://pgrc.ipk-gatersleben.de/jdotter/).
Analysis of V, D, and J gene segment functionality
The identified germline gene segments from the opossum IGH, IGK, and IGL loci have been uploaded to the Somatic Diversification Analysis (SoDA) site, which is a web-based software tool for analyzing germline and somatic contributions to expressed V(D)J diversity (http://dulci.org/soda/; Volpe et al. 2006) . Both heavy and light chain V(D)J recombinations isolated either by RT-PCR or from a cDNA library were analyzed using SoDA to determine which gene segments were used and the contribution of P and N nucleotides to the mature V(D)J sequence.
Annotation of the MonDom5 assembly of the M. domestica genome Supplementary Tables 1, 2, and 3 include the location of each identified coding segment in the IGH, IGK, and IGL loci, respectively. Provided is the beginning and end positions of each exon and where in exon 2 of the V genes sequence predicted to encode the L peptide ends and the extracellular V domain starts. Also indicated are those gene segments that are pseudogenes, the reason why they were labeled pseudogenes and their transcriptional orientation relative to the constant region genes.
Nomenclature used was according to the method used from the IMGT database (http://imgt.cines.fr/). Opossum V gene segments were numbered according to their order on the genome, from the 5′ to 3′ end of the locus, whereas D and J gene segments were numbered from 3′ to 5′. V genes were designated with the subgroup number followed by a period and the individual number. V genes that belonged to subgroups that had previously been identified retained the original subgroup numbering followed by their order along the chromosome Lucero et al. 1998) .
Results
The opossum IGH locus
Previously, the opossum IGH locus was localized to the centromeric end of the long arm of chromosome 1 . Analysis of the genomic sequence from this region revealed that the IGH locus is oriented with its 3′ end containing the IGHC genes being centromeric and its 5′ end containing IGHV genes being telomeric (Fig. 1) . The opossum IGH locus spans 1,418 kb from the exon encoding the L sequence of the most 5′ IGHV (VH2.1) to the 3′ end of the terminal exon of the IgA C region (Fig. 1 ). This total length is an estimate at this point since the assembly contains gaps (Fig. 1) , in the region containing the IGHV segments. An overall view of the IGH locus reveals that the gene segments are distributed fairly evenly and are in the same reading orientation (Fig. 1) . The location of each of the identified coding regions in this assembly is provided in Supplementary Table 1 .
The IGH constant regions Homologs corresponding to C regions of the single, functional IgM, IgG, IgE, and IgA were identified using previously isolated cDNA sequence for each of these heavy chain isotypes Belov et al. 1999; Aveskogh and Hellman 1998; Aveskogh et al. 1999) . For each of the IgH chain isotypes present in the opossum, there is a single functional set of constant region exons (Figs. 1 and 2; Supplementary Table 1). All cDNAs reported so far for each of the Ig heavy chain isotypes encoded secretory forms of antibody; therefore, sequences corresponding to the TM regions were not available. To identify the 3′ ends of the membrane forms of each of the heavy chain isotypes, 3′ RACE was performed on adult splenic RNA using primers specific for the exon encoding the CH4 for M and E and CH3 for G and A. This strategy successfully lead to the identification of the exons encoding the TM and 3′ UTR sequences. For M, G, and E, there are two TM exons, TM1 and TM2; for IgA, there is only a single TM exon (Fig. 2) . Therefore, all coding exons reported here have been confirmed as being present in mRNA transcripts (or cDNA). As predicted from the analysis of opossum Ig heavy chain cDNAs, the extracellular domain structure for the four isotypes is fairly typical of mammalian Ig (Fig. 2) . IgM and IgE each have four CH domain encoding exons and no evidence of a hinge region. IgG and IgA each have three CH exons. IgG also has a single hinge encoding exon similar to human IgG1, 2, and 4. The sequence encoding the IgA hinge region is an extension of the CH1 exon rather than the CH2 as in humans, other primates, and rodents (Tucker et al. 1981; Kawamura et al. 1992; Osborne et al. 1988) .
In addition to the single functional IgM in the opossum, there is also a second partial set of exons with near identity to the CH1 through 4 domains of IgM, located 169 kb upstream of the functional exons ( Figs. 1 and 2 ). This appears to be due to an apparent duplication of a region containing three IGHJ gene segments, the switch region for IgM (Sµ) and IgM exons CH1 through CH4, resulting in a partial duplication of IgM (Figs. 2 and 3a) . The Sμ sequences are 91% identical between the duplicates. The absence of exons encoding the TM regions, along with the presence of an in-frame stop codon in the CH4 exon and our inability to detect any transcripts using these exons (not shown), resulted in this second upstream IgM being designated a pseudogene. The distance between the duplicated IGHJ segments and the partial IgM pseudogene is greater than it is for the functional copy (Fig. 3a) . This length difference is due to the insertion of a LINE element just 3′ of the region corresponding to the Sµ of the pseudogene (Fig. 3a) . Although the S regions upstream of both the functional and non-functional copy of IgM were No marsupial IgD has been reported to date. The area predicted to contain IgD C region, in particular the region 3′ of the IgM exons, between IgM and IgG, as well as the whole MonDom5 assembly was thoroughly searched for coding sequences that might correspond to a putative IgD (see "Materials and methods"). This search included the trace sequences that remain unaligned to the whole genome sequence which are not necessarily part of the final assembly. These searches all failed to detect sequences with homology with mammalian IgD. As a positive control for the search criteria, the same methods were applied to the recently completed platypus whole genome sequence and revealed an IgD present in this species (not shown). In addition, the region in the sequence assembly that would be expected to contain IgD C exons, i.e., immediately 3′ of the IgM C exons, is a relatively complete sequence and does not contain any large or suspicious gaps (Fig. 1) . However, there is a large duplicated region rich in repetitive DNA including LINE and endogenous retroviral (ERV) elements starting 1.5 kb 3′ of the exons encoding IgM (Figs. 1 and 3b, c) .
The IGHV gene segments A total of 25 IGHV segments were identified on the scaffold containing the IGH locus on chromosome 1. Twenty-three of these gene segments belong to the previously identified IGHV1 subgroup (Fig. 1, Supplementary Table 1 ). Of the 23 IGHV1 gene segments, 18 appear to be fully functional based on containing L sequences, open reading frames (ORF) and what appear to be functional RSS. The remaining five all contain in-frame stop codons or are partial sequences and have been designated pseudogenes (Fig. 1, Supplementary  Table 1 ). The largest gaps in the assembly in this region of the opossum genome are found among the IGHV gene segments (Fig. 1) , making it possible that there are as yet unidentified IGHV in the opossum. It seems unlikely, however, that it will be a large number of additional gene segments given the consistency of current state of the assembly with previous analyses of IgH cDNAs and Southern blots .
Phylogenetic analysis including all functional opossum germline IGHV gene sequences reveals that the IGHV1 family forms a monophyletic clade interspersed by only the single available IGHV gene sequence from the North American opossum D. virginiana (Fig. 4) . Most closely related to this clade are the available IGHV genes from Australian marsupial species, the tammar wallaby, bandicoot, Fig. 4 Phylogenetic tree based on alignments of IGHV sequences from opossum and other representative mammals and nonmammals. This tree was constructed using the NJ method. (Kumar et al. 2004) and brush-tail possum. These results confirm previous speculation that the diversity of the majority of IGHV segments in the opossum is fairly limited Aveskogh et al. 1999; Baker et al. 2005 ).
In agreement with previous Southern analysis, there is only a single gene segment belonging to the IGHV2 subgroup in the opossum genomic sequence (Fig. 1 , Miller et al. 1998) . IGHV2 is the most 5′ gene segment, or most distal of the C regions, in the locus (Fig. 1) and phylogenetically the most divergent marsupial IGHV identified so far, being outside of the clade containing all other available marsupial IGHV sequences (Fig. 4 , Baker et al. 2005) .
One unexpected result from the analysis of the opossum genomic sequence was the discovery of an IGHV gene segment that represents a third, previously unrecognized subgroup. One unusual feature of this IGHV segment, designated IGHV3.1, is the length of the exon encoding the extracellular V domain which has an ORF that is 43 bp longer than typical opossum IGHV gene segments (Fig. 5) . Further scrutiny of this gene segment revealed a RSS with canonical heptamer and nonamer sequences. These are separated, however, by a 12-bp spacer typical of D segments rather than the 23-bp spacer in IGHV RSS (Fig. 5) . Given the unusual nature of the IGHV3.1 sequence and the possibility of assembly artifacts, we cloned and sequenced IGHV3.1 directly from M. domestica genomic DNA and confirmed the sequence in the assembly as being accurate (not shown; sequence deposited in GenBank under accession no. EU592040). In summary, IGHV3.1 appears to be a partially joined gene segment where a D segment has been recombined to the end of the V in the germline.
The IGHD gene segments Nine potential IGHD gene segments were identified in the opossum genome by scanning the IGH genomic region for conserved RSS sequences and examining the local sequence for a nearby, second RSS in the opposite orientation (Fig. 1, Table 2 ). The translations of the alternative reading frames for all nine are presented in Supplementary Fig. 1 . Analysis of expressed IgH VDJ recombinations using the SoDA software package revealed that all but IGHD7 are being used and are therefore functional (not shown). This includes IGHD9, which is located among the IGHV gene segments, and in recombination where it is used, it is only in combination with IGHV segments that were upstream of it (e.g., IGHV1.8 and 1.15 in Fig. 1 ). Furthermore, IGHD4, which is among the longer D segments, encodes a pair of cysteines in one of its first reading frame ( Supplementary  Fig. 1 ). Analysis of a large set of splenic IgH cDNAs revealed that this reading frame is used in V(D)J recombinations using IGHD4 (not shown).
The IGHJ gene segments Six IGHJ segments have been identified in the opossum genome, four of which appear to be functional: IGHJ1, 2, 4, and 5 (Fig. 1) . The other two, IGHJ3 and 6, both contain in frame stops and they appear to be pseudogenes. The IGHJ segments are organized in two sets of three, with IGHJ1, 2, and 3 immediately upstream of the functional copy of the IgM C region exons and IGHJ4, 5, and 6 upstream of the IgM pseudogene. So far, only IGHJ1 and IGHJ2 have been found used in expressed VDJ recombinants (unpublished observation). Several lines of evidence point to the two sets of J gene segments being created by the same duplication that gave rise to the second partial copy of IgM. The first is their genomic organization (Figs. 1 and 3a) . Secondly, sequence analysis reveals that IGHJ1 and 4 as a pair and IGHJ3 and 6 as a pair share >90% nucleotide identity within pairs but less than 40% between pairs. IGHJ2 and 4 also share greater identity with each other (79%) than with any other segments (77% or less), but the difference is less extreme. Lastly, the mutations in IGHJ3 and 6 that render them pseudogenes are identical, and it is likely that they were already non-functional prior to the duplication event. From analysis of a large set of IgH cDNAs from adult opossum spleen, so far only IGHJ1 and 2 have were found to be used in transcribed V(D)J recombinations (Aveskogh et al. 1999 ; and data not shown).
The opossum IGK locus
The IGK locus was previously mapped to the distal end of the long arm of chromosome 1 in M. domestica ). The region of opossum genome assembly MonDom5 containing the IGK genes was analyzed and found to be 3,196 kb in length and appears to be well (Fig. 6) . As predicted previously from Southern blot and cDNA sequence analyses, there is only a single IGK C region gene and two IGKJ gene segments in the opossum IGK locus ( Fig. 6 ; Miller et al. 1999) . Of the three Ig loci, however, IGK is the most complex with respect to number and diversity of V segments with a total of 122 IGKV gene segments identified ( Fig. 6; Supplementary Table 2 ). Previous analysis of IGK cDNAs in opossum revealed four IGKV subgroups ). These four subgroups make up the majority (104) of the total V gene segments present in the opossum IGK locus (Figs. 6 and 7) . The original subgroup designations of IGKV1 through 4 based on cDNA analysis were retained for consistency. As a result, the ordering of gene segments along the IGK locus is not in numerical order, where IGKV1 gene segments are the most C proximal and IGKV2 are the most distal (Fig. 6 ). The remaining 18 IGKV genes comprise three previously undiscovered subgroups bringing the total to seven IGKV subgroups in the opossum (Figs. 6 and 7) . Five of the seven IGKV subgroups contain both functional and pseudogene copies (Fig. 6, Supplementary Table 2 ). The two exceptions are IGKV5 and IGKV6, whose five and one gene segments, respectively, appear to be fully functional. In contrast, only four of the 12 IGKV7 subgroup members appear to be functional ( Fig. 6 ; Supplementary Table 2) .
Apparent from the genomic organization of the IGK locus is that the IGKV gene segments exist in two large clusters separated by an approximately 800-kb region that is sparse with V segments (Fig. 6 ). In addition, the two dominant IGKV subgroups in each cluster, IGKV1 in the C proximal cluster and IGKV2 in the distal cluster, are mostly in opposite transcriptional orientation. Most IGKV1 genes are in reverse reading frame relative to the J and C genes, whereas IGKV2 subgroup members are in the same orientation.
The opossum IGL locus
The IGL locus was previously located to the distal end of the long arm of opossum chromosome 3 ). This region of opossum genome assembly MonDom5 also appears to be well assembled, although there are more sequence gaps than were found in IGK (Fig. 8) . The IGL locus is also the longest of the three Ig loci, spanning 3,797 kb in length. The location of each coding segment within the IGL locus is provided in Supplementary Table 3 . As predicted earlier, the IGLJ and C gene genes are organized in J-C pairs, much like those described in other mammals (Lucero et al. 1998; Lefranc and Lefranc 2004) . Based on Southern blot and cDNA sequence analyses, it was estimated that there were at least six J-C pairs in M. domestica (Lucero et al. 1998 ). This number is fairly close to the actual eight J-C pairs found in the MonDom5 assembly ( Fig. 8; Supplementary Table 3) . From the analysis of a large set of IGL cDNA clones, three subgroups of IGLV gene segments were identified, of which IGLV1 was clearly the most abundant based on Southern blot analysis (Lucero et al. 1998) . Of the 64 total IGLV gene segments identified within the IGL locus, 54 belong to the IGLV1 subgroup, all but six of which appear functional by having an ORF and conserved RSS (Figs. 7 and 8; Supplementary Table 3 ). In addition to the original three subgroups, a fourth IGLV subgroup was identified (IGLV4.1 in Figs. 7 and 8 ), which is a single, apparently functional V gene segment. Similar to IGKV and in contrast to marsupial IGHV, the IGLV subgroups intersperse among V genes of other species, as described previously ( Fig. 7 ; Lucero et al. 1998 ).
Unaligned genomic sequence
The M. domestica genome assembly contains traces that assembled to short scaffolds but which did not assemble to the longer chromosomes. These are provided as the unassigned or unassembled (Un) chromosome associated with MonDom5. Some of these sequences are clearly allelic to loci assigned to the assembled chromosomes, a problem created by the fact that the individual animal sequenced was not fully inbred (Mikkelsen et al. 2007 ). Searching the unassigned scaffolds for sequences corresponding to C regions of Ig loci revealed only a single scaffold (Un 60100001) that contained three IGHJ segments and a complete set of IgM C region exons, appearing to be an allele of the region containing the functional IGHJ through IgM C regions. There were also eight IGHV gene segments identified among the Unassigned scaffolds, all belonging to the IGHV1 subfamily (Supplementary Table 1 ). The other two are partial sequences and were excluded from this analysis. It is difficult to say if these IGHV are alleles of V gene segments assembled in the IGH locus or represent missing sequences, perhaps located in the gaps present in the current assembly (Fig. 3) . It is worth noting that the total number of IGHV present in chromosome 1 of the Fig. 7 Phylogenetic tree based on alignments of IGKV and IGLV sequences representing each subgroup from opossum and other representative mammals and non-mammals constructed using the NJ method. Not all M. domestica V sequences were included due to the large number. The numbers at the branch nodes indicate percent bootstrap values on 1,000 replicates. Only those values greater than 50% are shown. Species designations are abbreviated to the first two letters of their scientific names as in Fig. 1 legend with the inclusion of: C. migratorus (Crmi), E. caballus (Eqca), G. gallus (Gaga), O. anatinus (Oran), and R. norvegicus (Rano). The M. domestica IGKV and IGLV sequences are those without a species designation. The IGKV and IGLV clades are indicated by brackets. Scale bar is branch length based on substitution rates (Kumar et al. 2004) MonDom5 assembly is not substantially different from that predicted earlier by Southern blot analysis . Therefore, we suspect that many of the unassigned IGHV sequences represent allelic variants excluded from the assembly. There is a single IGHJ in the unassigned sequences that is highly similar to IGHJ2 and, based on nearly identical flanking sequence, appears to be a second allele of IGHJ2 (not shown). There are no recognizable sequences resembling IGHD segments in the unaligned sequences. There is one IGKV present in the unassigned sequences which is identical to VK7.7, including flanking sequences covering a 4-kb region. It is not apparent why this sequence was excluded from the assembly since it is not an allelic variant but identical to the assembled sequence. There are also nine IGLV gene segments all having identity to the IGLV1 family. Discussion M. domestica is the first, and so far only, marsupial species for which an assembled whole genome sequence has been produced (Mikkelsen et al. 2007; Renfree 2007) . And with this report, the opossum becomes the first non-eutherian mammal and one of the few vertebrate species of any lineage, for which detailed organization of the Ig loci has been determined and fully annotated. Marsupial young are born highly altricial, being developmentally equivalent at birth to 8-week human embryos in many respects, with much of their immune system development being postnatal (Deane and Cooper 1988; Parra et al. 2009 ). One long-term goal is to determine when during development the marsupial young become immunocompetent and what are the contributions of maternal immunity to protection during postnatal development. Determining the germline gene segments that contribute to antibody diversity in the opossum provides, in part, the information necessary to evaluate the state of B-cell development and the level of diversity being generated at different ontogenic time points. Therefore, one of the immediate goals of this research was to develop detailed annotation of the Ig heavy and light chain loci in the genome of M. domestica.
The IGH locus in the MonDom5 assembly appears fairly complete, at least in that the organization and complexity of the locus are consistent with previous sequence analyses of IgH chain cDNAs from opossum. For example, and in spite of sequence gaps, the total number of functional IGHV gene segments present in the assembly (18 IGHV1 and one IGHV2) is not very different from the approximately 15 functional V segments predicted from cDNA sequences and Southern blot analyses . Furthermore, the presence of only single copies of each of the heavy chain isotypes (M, G, E, and A) and only two IGHJ segments being used were all predicted from cDNA analyses (Belov et al. 1999; Aveskogh and Hellman 1998; Aveskogh et al. 1999; Miller et al. 1998) .
Previous investigators had reported the presence of at least two IgG subclasses in several marsupial species including M. domestica (Bell 1977; Bell et al. 1974; Shearer et al. 1995) , but genomic analysis reveals that there is only a single IgG in M. domestica. In many cases, marsupial IgG was defined based on binding to Staphylococcal Protein-A (SpA). All marsupial IGHV described so far are clan III segments (Fig. 4; Miller et al. 1998; Baker et al. 2005) similar to that which in humans bind SpA as a super-antigen (Silverman and Goodyear 2002) . SpA binding in the marsupial studies likely resulted in a mix of Ig isotypes due to inadvertent binding to the common IGHV family. Indeed, it was noted that serum IgM from M. domestica binds SpA, and it is possible that this result is best explained through binding to the V domain, although this would need to be shown (Shearer et al. 1995) .
The lack of recognizable S regions upstream of the exons encoding IgG, IgE, and IgA was another unexpected result. Marsupials clearly undergo isotype switch during immune responses, albeit the switch has been described as being poor compared to eutherian mammals (Shearer et al. 1995; Croix et al. 1989; Stanley et al. 1972; Wilkinson et al. 1992) . It seems likely that some form of S regions must exist upstream of G, E, and A, or otherwise, the S region of M would not have been conserved. It is possible that the S regions for the downstream isotypes are atypical or not as well conserved, and this may explain the poor switch responses. A more mundane explanation might also be that during the assembly process the repetitive nature of the S regions created assembly problems, and their absence is an assembly artifact.
Internal duplications and insertions appear to have contributed to the evolution of the opossum IGH locus, especially in the region containing the C genes. A duplication gave rise to additional IGHJ gene segments and a non-functional copy of the IgM constant region genes. The distance between the duplicated J segments and the partial IgM pseudogene is greater than it is for the functional copy and is due to the insertion of a LINE element just 3′ of the region corresponding to the Sµ of the pseudogene (Fig. 3a) . It is possible that this mobile element contributed to the local genomic instability that resulted in the duplication event. However, it is also possible that this insertion occurred later since interspersed repeat-type retroelements such as LINEs and SINEs are fairly common in the opossum genome. In fact, the opossum genome contains the greatest fraction of such repetitive elements among animal genomes sequenced so far (Mikkelsen et al. 2007 ).
The insertion of repetitive elements may also have contributed to loss of IgD in this species. So far, no cDNA clones corresponding to an IgD have been reported for any marsupial species (Miller and Belov 2000) . Homologybased searches of the region expected to contain IgD and the whole genome sequence in MonDom5 were negative as well. Furthermore, there is a large duplicated region rich in repetitive DNA including LINE and ERV elements downstream of the IgM constant region where IgD would be expected to be located, and it is possible their insertion contributed to a loss of the IgD in this species (Figs. 1 and  3b, c) . Whether other marsupials contain this duplicated region is not known. However, recent analyses that support IgD being an ancient isotype, and from its presence in the platypus as well as eutherian mammals, it is clear that the absence of IgD in the opossum represents a gene loss in this species (Ohta and Flajnik 2006; Wilson et al. 1997 ; and data not shown).
The hinge region in a typical IgG is encoded on a separate exon, which is thought to have evolved by condensation of the CH2 exon in an ancestral isotype such as IgY in birds (Warr et al. 1995) . However, in mammalian IgA, the hinge region is encoded by an extension of one of the exons encoding the CH1 or CH2 domains (Tucker et al. 1981) . In eutherian mammals, this extension is on the 5′ end of the CH2 exon (Tucker et al. 1981; Kawamura et al. 1992; Osborne et al. 1988 ). In the opossum IgA, the hinge region is encoded by sequence that is a 3′ extension of the CH1 exon. Interestingly, in the platypus, the hinge region sequence for IgA is also part of the exon encoding the CH1 domain (Belov and Hellman 2003; and unpublished analysis of the platypus genome). This is consistent with the hinge in IgA being ancient in mammals, and the genetic structure of the marsupial IgA is the ancestral form in mammals. Either this region is highly mobile and moved or eutherians independently evolved a new hinge sequence on the IgA CH2 exon.
Another of the unanticipated results of the analysis of the IGH locus in the opossum was the presence of a third IGHV subgroup that appears to be a partially germlinejoined Ig V gene, the first such to be described in a mammal to our knowledge. Based on scrutiny of its sequence, IGHV3.1 appears to be fully functional by having a typical L sequence, intron, and ORF. The presence of both an intron separating the exon encoding the L sequence from the rest of the V domain in IGHV3 and an RSS at the end of the coding sequence is consistent with this gene segment not being generated by retrotransposition. Rather, it appears to be the product of direct recombination activation gene (RAG) mediated V to D recombination in the germline similar to what is thought to have created the germline-joined V genes in cartilaginous fishes (Lee et al. 2000) . This is in contrast to the only other known mammalian germline-joined V gene, the Vµj gene found in TCRμ, a unique TCR also discovered in marsupials ). Vµj appears to have involved a retrotransposition step in its creation due to the lack of an intron separating the L and V exons. In other words Vµj has the characteristics of a processed gene that is still functional (Parra et al. , 2009 . Whether IGHV3 contributes to antibody diversity in the opossum remains to be determined; however, preliminary attempts to identify heavy chain cDNA clones containing IGHV3 from opossum adult spleen have been unsuccessful (not shown). This may not be surprising given that rearrangement of IGHV3.1 to a J segment would be an atypical V(D)J recombination, since typically D to J rearrangement precedes V to D in developing B cells (reviewed in Melchers and Kincade 2004) . Whether IGHV3 can serve as a substrate for RAG recombination or perhaps contribute to diversity in other ways such as through gene conversion remains to be determined. The latter is an intriguing possibility given that the IGHV pseudogenes in the chicken that are used in gene conversion to diversify the primary antibody repertoire are themselves partially germline-joined (V-D) gene segments similar to IGHV3 (Reynaud et al. 1989) .
The discovery of a new IGHV subgroup in opossum, whether functional or not, supports that at one time marsupials may have had greater available V gene diversity than is currently extant in the IGH locus. However, opossum IGHV3 like all other marsupial IGHV found so far is still a member of clan III, the most conserved or widespread of the heavy chain V genes (Baker et al. 2005; Tutter and Riblet 1989) . These results are also consistent with a recent large analysis of IGHV genes by Das et al. (2008) that included many of the germline opossum IGHV. Our analysis of the Ig light chain loci also are consistent with earlier conclusions that, in contrast to IGH, the IGK and IGL loci have a great deal of sequence diversity and complexity, supporting the hypothesis that light chains may contribute more to antibody diversity than heavy chains in opossums particularly and perhaps in marsupials in general (Baker et al. 2005) .
IGHD4, one of the longest D segments used, encodes a pair of cysteines in one of its first reading frame ( Supplementary Fig. 1 ). Analysis of a large set of splenic IgH cDNAs revealed that this reading frame is used (not shown). It is possible that this D segment, when used in the first reading frame, is used when internal cysteine bridges are needed for stability in particularly long CDR3 regions, much like as has been described in the duckbill platypus, camel, cow, and shark (Johansson et al. 2002; Muyldermans et al. 1994; Roux et al. 1998; Saini et al. 1999) .
From analysis of a large set of IgH cDNAs from adult opossum spleen, only IGHJ1 and 2 were found to be used in expressed VDJ recombinations. This result may explain the earlier estimates of only two IGHJ genes in opossumbased analysis of heavy chain cDNAs (Aveskogh et al. 1999) . Based on the organization of the IGH locus, this may not be surprising given that IGHJ1 and 2 are the apparently functional J segments immediately upstream of the functional IgM C region exons and downstream of the majority of IGHD segments (Fig. 1) .
The organization and complexity of the opossum IGK and IGL loci, including the estimated number of J and C genes, are also similar to what was predicted previously (Lucero et al. 1998; Miller et al. 1999 ). There were additional IGKV and IGLV gene subgroups uncovered in the genomic sequence; however, there were in all cases relatively smaller families in gene copy number and are likely to be rare in the repertoire, perhaps explaining why they were missed in earlier analyses. The consistency with previous predictions is not meant to belittle the value in determining the genomic organization, rather it is meant to support confidence in the MonDom5 assembly. The organization of the opossum IGK locus is somewhat reminiscent of the structure of human locus that also contains two large clusters of V genes in inverted orientation relative to each other (Kawasaki et al. 2001; Zachau 2004) . Dot matrix analysis of the IGK region did not reveal any large genomic duplications that might explain this inverted organization (not shown). Furthermore, the phylogenetic relationship between IGKV1 and V2 segments does not support a recent duplication within the opossum IGK locus either (Fig. 7) . Rather, IGKV1 and V2 appear to be the result of a more ancient duplication predating at least the divergence of marsupial and eutherian mammals. In other words, it does not look as if the two clusters are the product of a large inverted duplication similar to what has been seen in the human IGK locus (Zachau 2004; Kawasaki et al. 2001 ).
In conclusion, detailed, annotated genomic maps of the Ig loci have now been established for the first time for a marsupial mammal. This annotation serves as a resource for further analysis of B-cell diversity and ontogeny in M. domestica, helping to establish what the germline versus somatic contributions are that expressed antibody repertoire. These results also solidify many of the conclusions regarding Ig locus genomic organization in this species that up until now have been primarily speculation based on cDNA and limited genomic DNA analysis.
